The performance of a newly designed corner impinging jet air distribution method with an equilateral triangle cross section was evaluated experimentally and compared to that of two more traditional methods (mixing and displacement ventilation). At nine evenly chosen positions with four standard vertical points, air velocity, turbulence intensity, temperature, and tracer gas decay measurements were conducted for all systems. The results show that the new method behaves as a displacement ventilation system, with high air change effectiveness and stratified flow pattern and temperature field. Both local air change effectiveness and air exchange effectiveness of the corner impinging jet showed high quality and promising results, which is a good indicator of ventilation effectiveness. The results also indicate that there is a possibility to slightly lower the airflow rates for the new air distribution system, while still meeting the requirements for thermal comfort and indoor air quality, thereby reducing fan energy usage. The draught rate was also lower for corner impinging jet compared to the other tested air distribution methods. The findings of this research show that the corner impinging jet method can be used for office ventilation.
Introduction
As humans spend more time indoors than outdoors, the importance of having a good indoor environment becomes crucial when designing or renovating buildings. Whether we are at home, at the office, or at school, a good indoor climate is important for several reasons, such as having fresh air, maintaining a high work performance [1] and a good cognitive function [2] , and complying with state and local regulations. One of the most important systems for controlling the indoor climate is the ventilation system. This is also one of the components in a building that requires a lot of energy, which is also an important issue to address, since buildings accounted for roughly 22% of total world energy use in 2016 [3] . There are several types of air distribution systems that work in different ways. Some of these have been researched extensively, while others are still in the evaluation stage.
One of these systems is called displacement ventilation (DV). Ventilation based on this type of device enters the room at a relatively low speed and at low height, close to the floor. When used for cooling the space, the inlet air will fall to the floor level and continue flowing out in the space until it encounters heat sources. It will then start to heat up and rise as a result of buoyancy effects, moving to the upper part of the space, where it will usually exit from an extraction point located close to the ceiling. There has been a lot of research on this type of ventilation. In the early 2000s, a research group examined whether the indoor air quality (IAQ) in the breathing zone was better than effectiveness, local thermal comfort, and indoor air quality in the occupants' breathing zone. The DV supply device used in this study was designed for relatively high momentum compared to traditional DV devices. The supply devices for MV were located high in the room corners, providing a type of ventilation hereby called corner mixing ventilation (CMV).
Theory and Mathematical Models
This section provides an overview and explanation of the key definitions of indoor climate indices which are used in this study. According to ISO 7730 [29] , the draught rate (DR) describes the discomfort a person experiences due to unwanted cooling of the human body. This index is a function of air temperature, air velocity, and turbulent intensity, and predicts the percentage of dissatisfaction due to draft. This is estimated by DR = 3.14 + 0.37·u a ·I p (34 − 
where u a is the mean air velocity, I p is the local turbulence intensity, and T a is the local temperature. Another index, the percentage dissatisfied (PD), is related to the local discomfort due to a high vertical air temperature difference between head and ankle. In this study, the temperature difference, ∆T 0.1-1.1 between the ankle level (0.1 m) and the neck level for a seated person (1.1 m) was used. According to ISO 7730, PD is estimated by PD = 100(%) 1 + exp(5.76 − 0.856·∆T 0.1−1.1 ) .
In ISO 7730, the local thermal comfort is categorized into three levels (A, B, and C) for office environments. Table 1 shows the criteria for each category. Temperature effectiveness (ε T ) [30] [31] [32] [33] is a parameter that can be used to evaluate the effectiveness of heat removal and is defined by
where T 0.1,0.6,1.1 is the arithmetic mean air temperature of the heights 0.1, 0.6, and 1.1 m, T o is the outlet air temperature, and T i is the supply air temperature. The evaluation of ventilation effectiveness can be done in multiple ways. Two commonly used indices related to IAQ are air exchange effectiveness (AEE) and air change effectiveness (ACE) [34] [35] [36] . The guidelines in ASHRAE Standard 129-1997 [34] require measuring ACE in 25% of the workstations or measuring a minimum of 10 locations throughout the evaluated space. Another way to calculate AEE is to make measurements at the exhaust location. These indices have been utilized by many researchers for evaluating indoor environments using different tracer gas techniques [21, 22, [37] [38] [39] [40] [41] [42] [43] [44] .
The definition of local mean age of air is the average time it takes for fresh air to travel from an inlet to any place in the room [40, 45, 46] . The air at the examined place is a mixture of components of the air present in the room for different lengths of time. The supply air should be distributed in such a way that the occupants are "flushed" with fresh air at the breathing level. The local mean age of air, τ p , at a specific point is calculated from sampled tracer gas concentration histories. By utilizing the step-down tracer method, the local mean age of air is obtained by
where the start of the decay corresponds to a time of zero with initial concentration C p (0), and C p (t) is the tracer gas concentration at time t.
The mean age of air for the entire space, τ , is calculated by
AEE is calculated by
where τ n is the nominal time constant defined as the reciprocal of the nominal air exchange rate.
τ represents the mean age of air at the ventilation outlet obtained from tracer gas measurements [45] . τ n is calculated by
where V is the volume of the room, and q v is the ventilation flow rate. ACE relates to local air change effectiveness (ACE p ) or average spatial air change effectiveness in a region (ACE avg ) within the breathing level against the nominal time constant of the ventilation system. They are defined by
and
Here, τ p is the local age of air in a considered point, and τ avg is the arithmetic average age of air for several points. A reference case (ACE = 1.0) is used, which is correspond to perfect air mixing.
The inlet Archimedes number (Ar i ) [47, 48] is a measure of the relative importance of buoyant and inertia forces. Ar i is important in building airflows because it combines two important ventilation design parameters, i.e., supply air velocity and room temperature difference. Ar i is defined by
where g is the gravitational acceleration, T r [K] is the mean air temperature in the center of the room at 1.7 m above floor level, T i [K] is the mean supply air temperature, A e is the inlet supply opening area, and u in is the nominal inlet air velocity.
Experimental Set-Up
The study was carried out in a medium-sized mock-up of an open-plan office room, 7.2 (L) × 4.1 (W) × 2.67 (H) m. The room resembled a medium-sized open office space with three interior walls and one exterior wall. The room was divided into two sections that were occupied by two workstations, each containing a desk, a chair, and a seated thermal mannequin, as can be seen in Figure 1 . The composition of the side walls from the inside to the outside were as follows: 15 mm wood sheet, 35 mm air gap, 15 mm wood sheet, 190 mm insulation, and 5 mm wood sheet. The floor and the main ceiling were insulated by a 150 mm-thick layer of mineral wool and covered by a layer of plastic sheet to reduce air infiltration. The suspended ceiling consisted of 60 cm × 60 cm fiberglass tiles and was located 31 cm below the main ceiling. The location of the room was inside a large laboratory hall with a steady temperature of 24.6 • C ± 0.9 • C during the measurement periods. The supply inlets were installed in the corners of the south wall. The main air inlet was in the middle of the wall section, and air was delivered to each device through well-insulated (20 mm mineral wool) ventilation tubes. The first supply devices (A) were installed in the lower section of the corners. The height location of these devices was similar to those used by many other researchers [4, 8, 14, 17, 49, 50] . These devices represent DV. The second set of supply devices (B) represents CIJV. The shape of the outlet was an equilateral triangle, and the air entered the room at the height of 80 cm above the floor level. The last supply devices (C) were suspended 15 cm from the ceiling. These devices represent CMV, and the air entered the room from an inlet which had a circular shape and a diameter of 80 mm. In addition to the two mannequins, two heat sources were also placed on the side of the tables. There was only one outlet, which was located on the ceiling close to the north wall. A climate chamber was built up in connection to the north wall of the test room where three windows were located. For velocity and temperature measurements, 27 low-velocity omnidirectional thermistor anemometers were used. The thermistor and the logger system, CTA88, were designed and calibrated for velocities between 0.0 and 1.0 m/s. The turbulence intensity was calculated by the following equation
where u rms is the root mean square of the turbulent velocity fluctuations, and U is the mean velocity.
Measurements were performed at seven locations in the room. For position P1 through P4, the heights used were 0.1, 0.6, 1.1, and 1.7 m. For P5, 0.1, 0.3, 0.6, 0.8, 1.1, 1.4, and 1.7 m were used, and for P-6 and P-7, only 1.1 and 1.7 m were used. The sampling interval for all measurements was set to 600 s. The velocity was measured with an accuracy of ±0.05 m/s excluding the directional error with the response time of 0.2 s to 90% of a step change. The uncertainty of temperature measurements was ±0.2 • C with the response time of 12 s to 90% of value in still air. The temperatures of the supply inlets, exhaust, and surrounding laboratory were measured by using T-type (copper-constantan) thermocouples connected to an Agilent 34970A data logger and a computer. In order to confirm that the accuracy of the thermocouples and logger were in the expected range, all measuring devices were calibrated before and after the measurements.
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where is the root mean square of the turbulent velocity fluctuations, and ̅ is the mean velocity. Measurements were performed at seven locations in the room. For position P1 through P4, the heights used were 0.1, 0.6, 1.1, and 1.7 m. For P5, 0.1, 0.3, 0.6, 0.8, 1.1, 1.4, and 1.7 m were used, and for P-6 and P-7, only 1.1 and 1.7 m were used. The sampling interval for all measurements was set to 600 s. The velocity was measured with an accuracy of ±0.05 m/s excluding the directional error with the response time of 0.2 s to 90% of a step change. The uncertainty of temperature measurements was ±0.2 °C with the response time of 12 s to 90% of value in still air. The temperatures of the supply inlets, exhaust, and surrounding laboratory were measured by using T-type (copper-constantan) thermocouples connected to an Agilent 34970A data logger and a computer. In order to confirm that the accuracy of the thermocouples and logger were in the expected range, all measuring devices were calibrated before and after the measurements. Nine cases were studied which are listed in Table 2 . The primary supply air temperature was maintained around 17.6 °C except for case C1-CMV which was 0.3 °C lower. It is important to mention that the comparisons were done in a non-dimensional form for all cases. The mannequins Nine cases were studied which are listed in Table 2 . The primary supply air temperature was maintained around 17.6 • C except for case C1-CMV which was 0.3 • C lower. It is important to mention that the comparisons were done in a non-dimensional form for all cases. The mannequins used in the experiments had the same surface area as a human, and each produced 100 W of heat in a sitting position. They were made of galvanized tube 0.32 m in diameter and covered with fabric to emit the same level of radiation as a normal person. Two black painted metal cylinders containing a halogen lamp generated 75 W of heat each when used in the experiments. There was also heat generation from the measuring equipment that amounted to 39 W. The nominal inlet air velocity and inlet Archimedes number were calculated on the basis of A e for each supply device and case. The A e for DV, CIJV, and CMV were 299, 133, and 50 cm 2 , respectively. The measurement positions and other components of the experimental set-up are shown in Figure 2 . Sulfur hexafluoride (SF 6 ) was used as the tracer gas in this study. The measurements were performed at six locations in the room, at a height of 1.1 m. These were labeled T1 up to T5. The sixth location was at the outlet. During the experiments, the test room was exposed to about 350 ppm of SF 6 . Gas chromatography (GC) was used to measure the concentration of the gas in air samples. In each tracer gas test, air samples were collected via a pump connected to the GC and analyzed from five fixed locations in the room and one in the outlet. The measurements were repeated three times to ensure the validity of the results. The average deviation between the three measurements ranged between 1 to 3%. The uncertainty of measurements of mean age of air was ±2.5%, but, when including airflow variation, pressure balancing, air leakage, etc., this value might increase. The uncertainty of ACE in this study was estimated to be in compliance with Appendix E of ASHRAE Standard 129 [34] .
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Results and Discussion

Flow Pattern and Thermal Conditions
The results of the dimensionless air temperature (DAT) for all the cases are shown in Figure 3 . DAT is defined as a dimensionless value to compare the vertical air temperature profile between different cases and is defined as
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Results and Discussion
Flow Pattern and Thermal Conditions
In position P1 (Figure 3a ) and P2 (Figure 3b ), which were close to the inlets, C2-DV showed the largest vertical temperate gradient, followed by C2-CIJV. The cases that showed the lowest gradient were C1-CMV and C3-CMV. The air in C2-CIJV entered the room closely attached to the wall before hitting the floor area in the corner of the room. It then moved and spread out as a layer over the floor area. In position P1 (Figure 3a ) and P2 (Figure 3b ), which were close to the inlets, C2-DV showed the largest vertical temperate gradient, followed by C2-CIJV. The cases that showed the lowest gradient were C1-CMV and C3-CMV. The air in C2-CIJV entered the room closely attached to the wall before hitting the floor area in the corner of the room. It then moved and spread out as a layer over the floor area.
The air entrainment for C2-DV and C2-CIJV streams was lower compared to that for C2-CMV. Another observation is that the temperature profiles of C2-DV and C2-CIJV were very similar. When comparing C1 to C2 for DV and CIJV, the extra added heat in C2 generated more stratification. The results of P1 and P2 also showed a good level of symmetry.
In position P5 (Figure 3e ), which was in the center of the office, the DAT values decreased compared to P1 and P2 because this area was located further away from the inlets, and the mannequins were in close proximity to this location. Although the stratification levels decreased for DV and CIJV, they were still larger than for CMV.
Positions P3 (Figure 3c ) and P4 ( Figure 3d ) showed a similar pattern as P1 and P2 but with slightly lower gradients. The reason for this is that the temperature of the airstream along the floor increased with the distance from the supply devices.
The thermal stratification enhancement created by DV and CIJV are in agreement with other research results [5, 10, [51] [52] [53] [54] . P6 (Figure 3f ) location was above the table and was similar to P7.
The velocity profiles at P1 (Figure 4a ) and P2 (Figure 4b ) showed that the highest velocities were measured at 0.1 m above the floor level in all cases. The CMV cases showed the highest velocities, reaching 0.7 m/s for C3-CMV. This is explained by the special configuration of the CMV inlets. By being placed high up in the corner of the room and having a high supply velocity, the inlet air jets had a high level of entrainment. This created an airstream with higher momentum and higher boundary layer thickness compared to the other systems. In comparison, the airstreams for DV and CIJV had a thinner boundary layer when reaching P1 and P2. One can assume that the locations of the maximum air velocities were below 0.1 m for these systems. The air entrainment for C2-DV and C2-CIJV streams was lower compared to that for C2-CMV. Another observation is that the temperature profiles of C2-DV and C2-CIJV were very similar. When comparing C1 to C2 for DV and CIJV, the extra added heat in C2 generated more stratification. The results of P1 and P2 also showed a good level of symmetry.
Positions P3 (Figure 3c ) and P4 (Figure 3d ) showed a similar pattern as P1 and P2 but with slightly lower gradients. The reason for this is that the temperature of the airstream along the floor increased with the distance from the supply devices.
The velocity profiles at P1 (Figure 4a ) and P2 (Figure 4b ) showed that the highest velocities were measured at 0.1 m above the floor level in all cases. The CMV cases showed the highest velocities, reaching 0.7 m/s for C3-CMV. This is explained by the special configuration of the CMV inlets. By being placed high up in the corner of the room and having a high supply velocity, the inlet air jets had a high level of entrainment. This created an airstream with higher momentum and higher boundary layer thickness compared to the other systems. In comparison, the airstreams for DV and CIJV had a thinner boundary layer when reaching P1 and P2. One can assume that the locations of the maximum air velocities were below 0.1 m for these systems. In position P5 (Figure 4e ), the velocities decreased in all cases compared to P1 and P2, except for C3-DV. One possible explanation for this is that the two airstreams merged at some point before reaching P5, with a combined momentum from both streams. It is also worth mentioning that P1 and P2 were not in the direct centerline of the airstreams and were not recording the center velocities of these streams.
The draught levels at P1 (Figure 5a ) and P2 ( Figure 5b ) showed a strong connection to the velocity profiles. Because of the high velocities at P1 and P2, the draught levels were higher than normal in this part of the room. According to the ISO 7730 classifications, none of the cases was able to obtain category A. In one case, C3-CMV, it did not even pass the lowest category C. Continuing to P5 (Figure 5e ), the DR decreased considerably, except for C3-DV and C3-CMV. The DR for all other cases was below 10% (category A). High levels of DR for MV compared to IJV have been shown in a previous study as well [5] . In position P5 (Figure 4e ), the velocities decreased in all cases compared to P1 and P2, except for C3-DV. One possible explanation for this is that the two airstreams merged at some point before reaching P5, with a combined momentum from both streams. It is also worth mentioning that P1 and P2 were not in the direct centerline of the airstreams and were not recording the center velocities of these streams.
The draught levels at P1 (Figure 5a ) and P2 ( Figure 5b ) showed a strong connection to the velocity profiles. Because of the high velocities at P1 and P2, the draught levels were higher than normal in this part of the room. According to the ISO 7730 classifications, none of the cases was able to obtain category A. In one case, C3-CMV, it did not even pass the lowest category C. Continuing to P5 (Figure 5e ), the DR decreased considerably, except for C3-DV and C3-CMV. The DR for all other cases was below 10% (category A). High levels of DR for MV compared to IJV have been shown in a previous study as well [5] . In position P3 (Figure 5c ) and P4 (Figure 5d ), the DR were at acceptable levels, except for C3-DV, for which it was slightly above 10% at 0.1 m.
Another way to illustrate the correlation between high velocities and high draught rates can be seen in Figure 6 . Figure 6a shows the maximum draught rate (DRmax) based on all the points in each location at P1-P2, P5, and P3-P4. Figure 6b shows the maximum velocity (Umax) at the same locations, and Figure 6c shows the maximum temperature difference (∆Tmax). In the case of C3-CMV, it can be observed that ∆Tmax did not change between P5 and P3-P4 locations, but DRmax decreased considerably. This indicates a strong dependency of draught on velocity rates. Table 3 shows that PD was within category A classification for all cases. In position P3 (Figure 5c ) and P4 (Figure 5d ), the DR were at acceptable levels, except for C3-DV, for which it was slightly above 10% at 0.1 m.
Another way to illustrate the correlation between high velocities and high draught rates can be seen in Figure 6 . Figure 6a shows the maximum draught rate (DR max ) based on all the points in each location at P1-P2, P5, and P3-P4. Figure 6b shows the maximum velocity (U max ) at the same locations, and Figure 6c shows the maximum temperature difference (∆T max ). In the case of C3-CMV, it can be observed that ∆T max did not change between P5 and P3-P4 locations, but DR max decreased considerably. This indicates a strong dependency of draught on velocity rates. Table 3 shows that PD was within category A classification for all cases. In position P3 (Figure 5c ) and P4 (Figure 5d ), the DR were at acceptable levels, except for C3-DV, for which it was slightly above 10% at 0.1 m.
Another way to illustrate the correlation between high velocities and high draught rates can be seen in Figure 6 . Figure 6a shows the maximum draught rate (DRmax) based on all the points in each location at P1-P2, P5, and P3-P4. Figure 6b shows the maximum velocity (Umax) at the same locations, and Figure 6c shows the maximum temperature difference (∆Tmax). In the case of C3-CMV, it can be observed that ∆Tmax did not change between P5 and P3-P4 locations, but DRmax decreased considerably. This indicates a strong dependency of draught on velocity rates. Table 3 shows that PD was within category A classification for all cases. 
Ventilation Effectiveness
The ACE p values presented in Table 4 show that CMV had the most uniform ACE p compared to the other systems. This indicated that the air was equally "fresh" in all the measuring locations and was well mixed. At position T3 located close to the mannequin, the best performance was achieved by DV, followed closely by CIJV. In DV and CIJV, the air was distributed as a layer over the floor area. The thickness and velocity of the layer was dependent on the shape and configuration of the supply device, and, as mentioned previously, the supply air in DV had a narrow and straightforward trajectory when entering the room, while, in CIJV, it spread out evenly across the floor when the air jet from the inlet hit the floor surface, as shown in previous studies [5, 11] . 1 The location was in the occupied zone close to the mannequin, as also shown in Figure 2 . 2 ACE avg is the average ACE value for the measuring points T1-T5.
The AEE values were close to each other in all cases. The reason for this is that AEE takes into account the mean age of air for the entire room. This means that it is possible to have high ACE p values in some zones, but lower values in others. C1-DV and C1-CIJV had the highest ACE avg , which were the average ACE p values for T1-T5. Higher ACE avg also led to slightly higher AEE values, as seen in Table 4 . Table 5 shows that ε T was lower for the CMV cases compared to the other systems at P1-P5. DV and CIJV performed best in the occupied zone (P5), excluding P6-P7. This result followed the same pattern as ACE p results, when comparing the three systems. Close to the heat sources, for example, the mannequins, DV and CIJV outperformed CMV in terms of both ACE and ε T . To summarize the results, we found that DV and CIJV provided better heat removal efficiency and fresher air in the occupied areas of the room compared to CMV. However, DV had some shortcomings when evaluating the draught rates which were highly dependent on the velocity rates.
CMV behaved very similar to a regular mixing system, with low temperature stratification and even levels of ACE and ε T in the evaluated locations, compared to the other systems.
Conclusions
The findings show that the corner impinging jet air distribution system behaves very similar to the DV system and performs slightly better considering the draught rate. This study also shows that CIJV is a viable option when choosing an air distribution system for a medium-sized office room. The draught rates for this system were within the required levels in ISO 7730 for the occupied zone. Since CIJV obtained high values for both ACE and ε T , there is a possibility to slightly lower the supply rates in order to reduce fan energy usage, while still meeting the requirements for thermal comfort and IAQ. Although DV performed similar to CIJV, the special design of the supply inlets for this system resulted in an increase of DR in the occupied zone. It is important to note that this study was based only on one-room geometry and one configuration of workstation placement in the room. Typical DV systems are not designed for heating mode, which is believed to be a shortcoming of the system because of the dominance of thermal forces to momentum forces. In contrast, the impinging jet system, with its higher momentum, overcomes this shortcoming. Further studies have to be conducted in order to evaluate the corner impinging jet when the outside temperature is lower than the inside one (heating mode), with different room geometries, and with different set-ups of the workstations. Finally, the promising results and the simplicity of installation and design make corner impinging jet ventilation an interesting research topic for the scientific community.
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